A (H1N1) on the health and well being of pilgrims performing the Hajj as well as the countries from which they originate. 2 The potential for importation of H1N1 into Mecca during the 2009 Hajj was deemed considerable given that (1) most of the world's Muslims reside in the Northern hemisphere, which would be in the midst of influenza season at the onset of the 2009 Hajj and (2) because a significant proportion of traveling pilgrims was expected to originate from resource-limited countries that would not have access to H1N1 vaccine prior to the onset of the Hajj. Furthermore, this mass gathering of millions, which occurs under extremely crowded conditions, is known to be conducive to the in situ spread of respiratory-borne infectious diseases such as influenza. 3 -12 If pilgrims were to become exposed and infected with H1N1 during the Hajj, then they could potentially transport it back to their home countries. The possibility of a wave of H1N1 in pilgrims returning to the world's most resourcelimited countries was of particular concern because such countries would lack the resources needed to detect and mobilize an effective public health response to H1N1. Furthermore, because resource-limited countries do not have highly developed airline transportation networks, they have been among the last places on earth to receive imported cases of H1N1. 13 This is significant because H1N1 epidemics in many resource-limited countries outside of the Americas are considerably less evolved than in their industrialized-world counterparts, and hence they could potentially become overwhelmed by a sudden influx of imported H1N1 in returning pilgrims.
Under ideal circumstances, pilgrims performing the 2009 Hajj would have been vaccinated against H1N1 with sufficient time to develop protective immunity before embarking upon their pilgrimage. 14, 15 However, intrinsic delays in the vaccine manufacturing process resulted in an extremely limited supply of H1N1 vaccine at the onset of the 2009 Hajj in late November. Consequently, only a handful of economically prosperous countries were able to vaccinate their pilgrims with sufficient lead-time for them to develop protective immunity before starting the Hajj. 16, 17 The WHO has strongly encouraged wealthier countries with pre-ordered contracts for H1N1 vaccine to share a portion of their stock with the developing world, particularly now that one dose appears sufficient to produce an effective immune response under most circumstances. 14, 15 At the time of writing, nine countries including Australia, Brazil, France, Italy, New Zealand, Norway, Switzerland, the UK, and the USA have pledged to do so. 18 Understanding the mass gathering and dispersion of millions of people from nearly every country in the world during the 2008 Hajj could provide important insights into which populations may be most imminently vulnerable to the effects of H1N1 during the 2009 to 2010 influenza season, and hence how limited supplies of internationally donated H1N1 vaccine could best be utilized to maximize public health benefits.
Methods
We analyzed data from the Saudi Ministry of Health on all domestic (ie, Saudi) and international (ie, non-Saudi) pilgrims that performed the Hajj in 2008. Data on international pilgrims were analyzed to identify their country of origin, mode of travel to Saudi Arabia, and point of entry into the Kingdom. We used data from the World Bank 19 to determine the 2008 gross national income (GNI) per capita of countries using the Atlas method, 20 and categorized them as low, lower middle, upper middle, or high income. We assumed that GNI per capita was reflective of a country's ability to purchase H1N1 vaccine and mobilize an effective public health response to H1N1. We used WHO definitions to categorize countries into world regions. 21 As the vast majority of international pilgrims performing the Hajj in 2008 traveled to Saudi Arabia via commercial flights, we performed analyses of airtraffic data at King Abdulaziz International Airport in Jeddah (referred to hereafter as Jeddah IAP) and Prince Mohammad Bin Abdulaziz International Airport in Medina (referred to hereafter as Medina IAP). Jeddah IAP, which has a new standalone terminal dedicated specifically for pilgrims performing the Hajj, is the leading point of entry for pilgrims traveling by air, whereas Medina IAP operates as an important secondary point of entry.
We first performed an analysis of the monthly flows of commercial air traffic, measured as international passenger arrivals plus departures, at Jeddah IAP between January 2000 and October 2007 to identify important seasonal and annual trends. Data after October 2007 were not available at the time of our analysis. These data were obtained from Airports Council International 22 and the Saudi General Authority of Civil Aviation. 23 We then analyzed data on worldwide airline ticket sales from the International Air Transport Association (IATA) 24 to identify the destination cities of all passengers departing either Jeddah or Medina IAP in December 2008-the month during which the Hajj occurred that year. While these data capture passenger flight itineraries on commercial flights worldwide, they do not include information on passengers traveling via unscheduled, chartered flights into the standalone Hajj terminal at Jeddah IAP, and do not distinguish passengers performing the Hajj from other international passengers. All statistical, network, and spatial analyses were performed using SAS version 9.2, whereas maps were created using ESRI ArcGIS version 9.3 and Adobe Photoshop.
Results
Pilgrims (2.5 million) from 140 countries traveled to Mecca to perform the Hajj in 2008. Pilgrims (1.7 million) were of international (ie, non-Saudi) origin, with 91.0% traveling to Saudi Arabia by air, 7.7% traveling by land-almost exclusively from countries sharing a land border with Saudi Arabia-and 1.3% traveling by sea-largely from Egypt and Sudan-into the Saudi seaports of Jeddah and Yanbo. Twenty countries accounted for more than 80% of all international pilgrims worldwide (see Table 1 ). (30, 556) . A scatterplot of the number of pilgrims performing the Hajj by country and the economic status of the country (see Figure 1 ) measured as GNI per capita depicts which countries may be most vulnerable to H1N1 after the Hajj (ie, those with the highest number of pilgrims and the lowest financial resources).
Our analysis of international passenger traffic at Jeddah IAP revealed three annual surges in travel associated with: (1) a summer tourism festival located in Jeddah; (2) the month of Ramadan when many Muslims travel to Mecca to take part in a lesser pilgrimage known as the Umrah; and (3) the Hajj. At the time of the Hajj, approximately three million international passenger trips are regularly made via Jeddah or Medina IAP-the two main commercial airports used by pilgrims traveling to and from Mecca (see Figure 2 ; data from Medina IAP not shown).
With the notable exception of Indonesia, we found that a substantial majority of the world's pilgrims originated from the Northern hemisphere in 2008, which was in the midst of influenza season when the Hajj began in late November. Our analysis of the flight itineraries of international passengers departing Jeddah or Medina IAP in December 2008 (ie, excluding nonscheduled chartered flights) identified a high volume of 
Conclusions
We present a detailed description of the global migration of 2.5 million pilgrims that traveled to and from Mecca, Saudi Arabia in 2008 to offer insights into how the 2009 gathering for the Hajj might have interacted with the H1N1 influenza pandemic. We direct our attention to the world's most resource-limited countries because they will undoubtedly face significant challenges securing adequate supplies of H1N1 vaccine for their populations and have difficulties detecting and responding to cases of H1N1 introduced via returning pilgrims. By studying the origins and volume of pilgrims traveling to Mecca from around the world in 2008, we identify countries that could be imminently vulnerable to H1N1 after the 2009 Hajj.
We found that close to 200,000 pilgrims performing the Hajj in 2008 originated from the world's most resource-limited countries. In light of existing commitments made by a number of countries to share part of their H1N1 vaccine stock with the developing world, our analysis could be useful in guiding decisions about where and when supplies of internationally donated vaccine might best be utilized during the 2009 to 2010 influenza season. A strategy of predeparture vaccination of pilgrims would have been ideal, in that it would have offered protection to those performing the 2009 Hajj, reduced potential for the importation of H1N1 in returning pilgrims, and consequently slowed the evolution of epidemics in countries where large numbers of pilgrims returned to after the Hajj. However, for many countries a predeparture vaccination strategy was not feasible given their inability to either purchase H1N1 vaccine or secure supplies of internationally donated H1N1 vaccine before the Hajj began. Consequently, international efforts to help vaccinate high-risk populations in resource-limited countries where a large numbers of pilgrims are expected to return to after the 2009 Hajj may be needed to mitigate the domestic effects of a potential wave of imported H1N1.
For pilgrims traveling to Saudi Arabia by air, a detailed screening protocol was implemented at the Hajj terminal at Jeddah IAP. All pilgrims were screened for fever using non-contact infrared thermography. 25 A medical team stationed at the Hajj terminal assessed febrile pilgrims. If a pilgrim's signs and symptoms were deemed to be compatible with influenza, the pilgrim was immediately transported to a dedicated isolation hospital where a nasopharyngeal specimen was collected and tested for H1N1 by polymerase chain reaction (PCR). Oseltamivir was empirically initiated and discontinued if PCR results were negative 6 hours later. If PCR testing was positive for H1N1, the pilgrim was then admitted to hospital and treated until clinically well and afebrile for period of at least 24 hours before being able to participate in the Hajj. The Kingdom of Saudi Arabia requested that countries screen their pilgrims for fever and signs of illness before they departed for and after they returned from the Hajj.
As cases of H1N1 increased worldwide, the consumption of the neuraminidase inhibitors increased in parallel, raising concerns about the emergence of antiviral resistant strains. If resistant H1N1 virus were introduced into Mecca during the Hajj, it could have been spread to pilgrims from other parts of the world, consequently amplifying its global geographic distribution. Prior to the onset of the Hajj, cases of oseltamivir resistance to H1N1 were only sporadically reported in a handful of cities around the world. 26 -29 Furthermore, clusters involving personto-person transmission of oseltamivir-resistant H1N1 virus were rare and limited in scale. 27, 30 Fortunately, no cases of oseltamivir-resistant H1N1 infections were identified during the Hajj, and at the time of writing no cases have been reported in pilgrims after returning to their home countries.
Despite the potential for a much larger epidemic, two mass gatherings in Saudi Arabia resulted in less than 100 confirmed H1N1 cases. Just prior to the Hajj, an estimated one to two million pilgrims gathered in the month of Ramadan (ie, August 22 to September 20, 2009) to perform a lesser pilgrimage known as the Umrah. During this period, only 26 cases of H1N1 were confirmed among pilgrims, with no deaths occurring. 31 Given that a second wave of H1N1 was widely anticipated across the Northern hemisphere during the fall, 32 efforts to mitigate potential health risks associated with the Hajj continued. Subsequently, during the Hajj, a total of 73 H1N1 cases were identified resulting in five deaths. 33 Incidentally, the number of H1N1 cases observed during the 2009 Hajj reflects a pilgrim population of which an estimated 10% received H1N1 vaccine and 40% received seasonal influenza vaccine.
Our study has a number of important limitations. Foremost, we are unable to identify precisely how many pilgrims opted to forgo the 2009 Hajj in light of the H1N1 pandemic. Although pilgrims at high risk of complications from H1N1 have been discouraged from performing the 2009 Hajj, 2 to our knowledge, only Tunisia prohibited its citizens from participating. 34 Anecdotal information from travel agents organizing pilgrimages for this year's Hajj suggests that there may have been a modest decline in participation. 35 Nonetheless, we presume that any decrease in the number of pilgrims would apply to all countries equally, and that the rank order of pilgrims participating by country in 2008 was largely preserved in 2009. Incidentally, the rank order of pilgrims participating by country varies minimally from year to year given that the number of pilgrims allowed to perform the Hajj is determined by national quotas produced by the government of Saudi Arabia. These quotas are fairly consistent because they are calculated based upon the estimated size of the Muslim population in a given country. Thus, we presumed that global movements of pilgrims during the 2009 Hajj would not be dramatically different from those observed in 2008.
Our analysis of the worldwide destinations of passengers departing Saudi Arabia was limited by a lack of data on the flight itineraries of persons specifically traveling on unscheduled chartered flights via the standalone Hajj terminal in Jeddah. Thus in some countries, where large numbers of pilgrims performed the Hajj in 2008, a surprisingly low volume of international passenger arrivals were noted (eg, cities in Indonesia and Nigeria). In these instances, nonscheduled chartered flights likely play a major role in the transportation of pilgrims to and from Saudi Arabia. Nonetheless, we performed this analysis to identify which cities within a given country appear to be most strongly connected to Jeddah and Medina via commercial air travel at the time of the Hajj.
For more than a millennium, Muslims from around the world have been drawn to Mecca to fulfill a spiritual obligation. In 2009, the health and welfare of pilgrims and the countries from which they originate could have been adversely affected by the H1N1 pandemic. Fortunately, the low numbers of H1N1 cases actually observed during the Hajj suggest that the local and global public health implications of this mass gathering were far more limited than their potential.
